Adsorption of glycine on Pt{111} under UHV conditions and in different aqueous environments was studied by XPS (UHV and ambient pressure) and NEXAFS. Under UHV conditions, glycine adsorbs in its neutral molecular state up to about 0.15 ML. Further deposition leads to the formation of an additional zwitterionic species, which is in direct contact with the substrate surface, followed by the growth of multilayers, which also consist of zwitterions. The neutral surface species is most stable and decomposes at 360 K through a multi-step process which includes the formation of methylamine and carbon monoxide. When glycine and water are co-adsorbed in UHV at low temperatures (< 170 K) inter-layer diffusion is inhibited and the surface composition depends on the adsorption sequence. Water adsorbed on top of a glycine layer does not lead to significant changes in its chemical state. When glycine is adsorbed on top of a pre-adsorbed chemisorbed water layer or thick ice layer, however, it is found in its zwitterionic state, even at low coverage. No difference is seen in the chemical state of glycine when the layers are exposed to ambient water vapor pressure up to 0.2 Torr at temperatures above 300 K. Also the decomposition temperature stays the same, 360 K, irrespective of the water vapor pressure. Only the reaction path of the decomposition products is affected by ambient water vapor.
Introduction
One of the great challenges in studying model surface systems related to bio-molecular heterogeneous catalysts lies in the fact that practically all relevant reactions take place in aqueous solutions near room temperature. Conventional surface science techniques cannot accurately study such adsorption/reaction complexes as the coadsorption of the relevant surface species cannot be modelled under reaction conditions in ultra-high vacuum (UHV).
In UHV water only forms stable condensed layers below 150K [1, 2, 3] , where the kinetic barriers are too high for many elementary steps of heterogeneous reactions, such as exchange of molecules between surface layer and solution and chemical reactions between the surface species. Reaction conditions for an aqueous solution/catalyst interface require temperatures where the vapour pressure is in the mbar/Torr range. This pressure range has recently become accessible for photoemission and X-ray absorption experiments, such as XPS and NEXAFS through new beam-line and detector designs [4, 5, 6] .
Since amino acids are essential building blocks of living matter, their interaction with metal surfaces is an important area in the study of bio-inorganic interfaces with many applications in heterogeneous catalysis. To date, a number of studies of amino acid adsorption on copper surfaces (to some extent on gold and nickel surfaces) were conducted with an emphasis on enantiomeric effects in the adsorption of chiral amino acids [7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33] .
Less attention was paid to the chemical composition of organic overlayers and their chemical interaction with metal surfaces, partly due to the low reactivity of the metals used in these studies at room temperature and partly because the application of copper-amino acid systems is very limited in heterogeneous catalysis. It has been shown in these studies that simple amino acids adsorb on Cu{110} in their anionic (de-protonated) form [10, 11, 15, 17, 22, 24, 28, 31] and are stable up to 450-500 K. Above this temperature complete desorption/decomposition occurs within a relatively small temperature window.
The exact decomposition mechanism depends on the specific amino acid. Our most recent work has shown that the decomposition process of alanine and glycine is dramatically affected by the presence of ambient water at pressures above 10 −5 Torr, making the anion less stable [34] .
Adsorption of small amino acids on Pt-group metal surfaces, which are commonly used as active components for heterogeneous catalysts, was studied experimentally with temperature-programmed desorption(TPD) and laboratory-based X-ray photoelectron spectroscopy (XPS) and theoretically using density functional theory (DFT) [35, 36, 37, 38, 39, 40, 41] . Particular attention was paid to the chemical composition at different temperatures. The experimental studies report that adsorption of glycine and alanine on Pt{111} and Pd{111} leads to the formation of zwitterionic molecules, while DFT modeling favors neutral and anionic species [41] . Annealing of amino acid overlayers on these metals leads to the decomposition of molecules via C-C bond scission [35, 36, 37, 38] .
The current work aims at studying the influence of water on the surface chemistry of the smallest amino acid, glycine, with Pt{111}. Our particular emphasis is on comparing the dissociation behavior of glycine when the surface is exposed to water under UHV conditions and under ambient pressure conditions up to the Torr range. Surprisingly, the differences are very small, which is in stark contrast to earlier findings concerning the surface chemistry of glycine and alanine on Cu{110} [34] .
Experiment
Most of the UHV experiments with Pt{111} were carried out at beamline I311 of the MAX-lab synchrotron facility in Lund, Sweden. The ambient pressure experiments were performed at beamline 11.0.2 of the Advanced Light Source (ALS) in Berkeley, USA. Both endstations consist of two ultrahigh-vacuum (UHV) chambers with base pressures in the 10 −10 Torr range, which are described in detail elsewhere [42, 5, 43] . The preparation chambers are equipped with standard instruments for sample preparation and characterization (sputter gun, LEED). The analysis chamber at MAX-lab is equipped with a Scienta "SES 200" electron energy analyzer, which was used for the XPS and NEXAFS measurements; the sample temperature can be controlled between 100 K and 1200 K.
The analysis chamber at ALS is dedicated to photoelectron spectroscopy at near-ambientpressure conditions and is equipped with Specs Phoibos 150 electron spectrometer with custom-designed differentially pumped electron lenses [6, 44] which enable experiments up to water vapor pressures in the Torr range (0.2 Torr in the present case). At this endstation the sample temperature can be varied between 270 K and 1200 K.
Standard cleaning procedures were used for the Pt{111} surface, which include several cycles of sputtering and annealing to 1100 K in UHV and annealing cycles between 450 K and 750 K at an oxygen pressure of 1 × 10 −7 mbar in order to remove residual carbon.
Since it is known that surface impurities of the order of a few percent can have a dramatic effect on the behavior of water on metal surfaces [1, 2] we have ensured that the surface was clean to levels below the detection limits of XPS for oxygen and carbon (< 0.01 ML;
1 ML corresponds to 1 atom per substrate surface atom) before the start of each experiment. Glycine (> 99% pure, from Sigma-Aldrich) was dosed via sublimation at 140 • C in vacuum from a home-build evaporation source, as described in [30, 45] . Even though the temperature of the evaporator was kept constant within 1 • C the deposition rate was not constant over time, therefore the coverage was calibrated via the peak height of the N 1s XP signal. At MAX-lab water (HPLC-grade, further purified through 5 freeze-thaw cycles in vacuum) was dosed through a micro-capillary array doser at a distance of about 5 cm from the sample; at ALS, the sample was kept at a background pressure of water vapor.
During the XPS data acquisition the sample was slowly scanned with respect to the beam in order to avoid beam-induced damage to the adsorbate layers. The XP spectra shown below were normalized with respect to the low binding energy (BE) background if not stated otherwise. For each spectrum the BE axis was calibrated by measuring the Fermi-edge (BE = 0) with the same beamline and analyzer settings as the actual spectrum. Temperature-programmed XP spectra (TP-XPS) were recoded as a series of fast XP spectra (typically 30 s per spectrum) while the sample was slowly annealed.
Typical annealing rates were between 0.1 K/s (MAX-lab) and 0.3 K/s (ALS), which leads to a temperature resolution between 3 K and 9 K per spectrum.
NEXAFS spectra were acquired at MAX-lab in the Auger yield mode using the electron energy analyzer as detector. The O KLL Auger signal was detected in the kinetic energy range between 505 and 520 eV. The spectra were normalized with respect to the photon flux at the sample (I 0 , measured trough a photodiode) and a background spectrum of the clean sample was subtracted.
Results

Adsorption on clean Pt{111}
Glycine adsorbs in its neutral molecular form on clean Pt{111} when the surface is held at 200 K. Figure 1 shows a series of C 1s, N 1s and O 1s XP spectra measured after glycine was deposited for the indicated times. The N 1s spectrum for the lowest coverage in the series, after 5 min dosing, in Figure 1 (b) shows a single narrow peak with symmetric shape at BE 399.6 eV. This is characteristic for a neutral amino group (H 2 N) where the nitrogen atom forms a bond with the substrate, as it has been confirmed by several experimental and theoretical surface-crystallographic studies of amino acids adsorbed on Cu surfaces [11, 12, 18, 19, 24, 30, 34, 45, 33] . The O 1s spectrum of the same layer is shown in Figure 1 (c). It shows a broad feature, which can be fitted by two peaks of similar intensity, indicating an intact carboxylic acid group with two non-equal types of oxygen atoms, COOH and COOH, at BE 531.4 eV and 533.3 eV, respectively. The small difference in peak heights is probably due to photoelectron diffraction rather than a difference in the actual numbers of atoms. The corresponding C 1s spectrum in Figure 1(a) shows two well-resolved peaks, which can be assigned to carboxylic carbon (BE 288.8 eV)
and the α-carbon atom (BE 285.8 eV) [11, 34] . The C 1s and N 1s spectra for low glycine coverage are in good agreement with earlier data from glycine/alanine adsorbed on Cu{110} [11, 24, 34] . All previous studies of glycine adsorption on metal surfaces, however, found a de-protonated carboxylate groups (identified by a single O 1s peak near BE 531.5 eV) for the molecules in direct contact with the metal, which enables surface bonds through both oxygen atoms [12, 45, 37, 38, 41] . This is obviously not the case here but the almost perfect overlap of the lower O 1s and the N 1s binding energies with those reported for Cu{110} [11, 24, 34] implies that the corresponding atoms, one oxygen and the nitrogen atom, are involved in the substrate bond on Pt{111}.
Upon further dosing at 200 K the neutral molecular species saturates and a new zwitterionic species of glycine is observed. After dosing for 10 min, new peaks appear in both the N 1s and C 1s regions of Figure 1 (a,b), around BE 401 eV and 286.8 eV, respectively, which correspond to nitrogen and α-carbon atoms in the NH
The latter assignment is based on the fact that the binding energy is too low for carboxylate/carboxylic acid carbon atoms. The O 1s spectra of the same layer show an increase in the low-BE peak, which is now a superposition of contributions from the carboxylic acid -COOH and carbolylate groups -COO. Further dosing leads to an increase in the signals associated with the zwitterions and gradual attenuation of the signals originating from the neutral species. In addition, the high BE N 1s peak associated with NH
shifts continuously towards higher BE as the coverage increases. This indicates a gradual change in the adsorption geometry such that the N 1s core hole experiences less screening by the metal substrate. This could be caused by an increasing distance between the ammonium group and the substrate and/or by a reduced electron density at the metal surface due to charge transfer into the molecule. For the 70 min layer all peaks show shifts towards higher BE, which is typical for multilayer formation with reduced screening by the metal.
These latter spectra are very similar to those published by Löfgren et al. [36] for high coverages of glycine on Pt{111} (50 × 10 14 molecules per cm 2 , i.e. 3.3 ML); their low coverage spectra (4 × 10 14 molecules per cm 2 , i.e. 0.26 ML), however, also show a dominant signal around 402 eV in the N 1s region, which is in disagreement with our low coverage data.
The neutral species and the associated N 1s peak at BE 399.6 eV is the only one that saturates. Therefore we use the area of this peak as a measure of the glycine coverage and define a relative coverage of 1 (indicated as '1.0 Gly' in the Figures) such that it corresponds to a N 1s peak area equal to that of the saturated peak at BE 399.6 eV.
The so-calculated relative coverages are indicated on the left-hand side of Figure 1 (b).
In the following we will concentrate on relative coverages between 1 and 2, where the neutral surface species dominates. By comparing the areas of the O 1s signal with that of a saturated chemisorbed water layer (0.7 ML), we find that 1.0 Gly corresponds to an absolute coverage of around 0.15 ML (i.e. 0.15 glycine molecules per surface Pt atom).
Due to photoelectron diffraction effects, however, this calibration has a relatively large error bar. This low coverage, would to some extent explain the difference between the XP spectra in Ref. [36] , where the low coverage spectra were recorded for 0.26 ML, and ours.
It also implies that the saturated neutral glycine layer is not very densely packed and that there is room for additional zwitterionic molecules in direct contact with the substrate surface. Ernst and Christman observed a p(2 × 2) LEED pattern, which is associated with a coverage of 0.25 ML [35] . Even a coverage of 0.33 ML would be possible for flat-lying molecules from a purely steric point of view. We must, therefore, assume that at higher coverages not all molecules in direct contact with the metal surface are neutral.
Several other experimental findings also suggest that some of the zwitterionic molecules form strong bonds with the substrate. First, when a multilayer coverage is annealed to associated with the zwitterionic species disappears. An example is shown in the middle spectra of Figure 1 (40 min dose annealed to 330 K), which shows a ratio of around 1.5 : 1 between NH 3 and NH 2 N 1s signals (rel. coverage 2.5). This indicates that the surface bond of the zwitterions in this layer is stronger than that of the multilayer.
Second, the Pt 4f 7/2 spectra show that the surface core level shifts are also affected by the zwitterionic species. Figure 2 shows photoelectron spectra of the Pt 4f 7/2 line for several glycine coverages together with a spectrum of the clean surface for comparison. In order to account for the attenuation through the adsorbate layer, all spectra are normalized with respect the total area under the curve. The spectrum of the clean surface contains two well-resolved peaks marked 'B' for bulk and 'S' for surface platinum atoms. The surface core-level shift of the S state with respect to B, -0.42 eV, is in excellent agreement with previously reported experimental data, which range between -0.37 eV and -0.42 eV [46, 47] . Adsorption of glycine first leads to a decrease of the surface signal (5 min / 0.7 Gly layer) followed by the appearance of a shoulder at the high BE side of the spectrum, which is associated with a new peak at 71.3 eV. The appearence of this latter peak seems to be correlated with the zwitterionic signal in the N 1s spectra rather than the neutral species and saturates between the spectra for the 10 min (rel. coverage 1.4) and 15 min (rel. coverage 2.5) layers. The relative area under the clean surface 'S' peak decreases up to the 10 min spectrum and stays more or less constant at around 1 3 of the clean surface value thereafter, implying that not all surface Pt atoms are involved in a bond with the adsorbate. Although the relative peak areas of substrate surface peaks are often strongly affected by photoelectron diffraction, the observed trend suggests that the glycine layer in direct contact with the substrate reaches saturation between 1.4 Gly and 2.5 Gly at 200 K. By comparison with the data in Figure 1 we therefore conclude that this layer consists of neutral (carboxylic acid) and zwitterionic species.
Third, the O NEXAFS spectra in Figure 3 show strong polar anisotropy of the π * -resonance at 532 eV for both the pure neutral species ('1.1 Gly') and a layer with an approximate 2 : 1 ratio of zwitterionic and neutral species ('3.2 Gly'). This resonance is associated with an unoccupied π-orbital on the carboxylate group. The selection rules are such that the cross section is close to zero if the polarization vector, E, is parallel to the plane of the O-C-O triangle. The fact that the π * -resonance intensity almost disappears for normal incidence ( E 90
• with respect to the surface normal) therefore indicates that the carboxylate groups are almost parallel to the Pt surface. For thicker multilayers of glycine ('multil. Gly') the NEXAFS spectra do not show any anisotropy in the π * -resonance.
As mentioned above, when a multilayer coverage of glycine is annealed to 330 K, all but the chemisorbed layer desorb as intact molecules [36] . In the chemisorbed layer above 330 K neutral and zwitterionic species of glycine co-exist at a ratio of 1 : 1.5 (cf and H x C=N with x = 1, 2 (C 1s BE 284.0/284.8 eV, N 1s BE 396.7/398.6 eV) are the most likely species [35, 36] . CO desorbs between 400 K and 425 K while the H x C=N surface species undergo several modifications and are stable up to about 500 K. The exact chemical composition, in the temperature range above 350 K depends strongly on the initial coverage, heating rate and the quality (roughness) of the substrate. where the background is subtracted from the spectra). The conversion form the zitterionic into the neutral molecular species occurs at a slow rate between 170 K and 220 K after the complete desorption of the water layer.
Exposure to water under ambient pressure conditions
In the ambient pressure experiments stable water layers could not be maintained on show additional features at BE 285.9 eV and 396.9 eV, respectively, compared to those recorded after adsorbing glycine at 200 K, which are due to decomposition that occurs during adsorption at this higher temperature. The main outcome of these experiments is,
however, that there is no change in those spectra when the layer is exposed to water. The only difference is seen in the O 1s spectra, where an extra peak is observed at 535.2 eV due to photoelectron emission from gas-phase water molecules. No significant signal due to water adsorption (BE 532-534 eV) can be detected nor are there any signs of new surface species in the C 1s and N 1s spectra.
When we compare the temperature dependence of layers exposed to different ambient pressures of water we also find little difference in the dissociation kinetics up to about 380 K. Figure 7 In summary, the main effect of ambient water vapor is stabilizing the H x CN decomposition products above 380 K and providing additional pathways for their surface reactions.
There is, however, no evidence for a substrate-catalyzed surface reaction between water and glycine itself on Pt{111}.
Discussion
Our experiments clearly show that glycine adsorbs on Pt{111} in its neutral molecular state (H 2 NCH 2 COOH) at low coverage, both in UHV and under ambient water vapor pressure up to 0.2 Torr (the highest pressure for which XPS measurements were conducted). This is in contrast to the adsorption states that were observed experimentally for glycine and other small amino acids adsorbed on other late transition metals, such as
Cu [11, 10, 12, 22, 17, 24, 51, 28, 15, 52, 30, 31, 32] and Pd [37, 38, 39] , for which either
at the smallest coverage. Also earlier experimental studies of glycine on Pt{111} [35, 36] report that the molecule is in its zwitterionic state but this disagreement is likely to be due to higher coverages (rel. coverage > 1) in these studies, where we also observe zwitterionic glycine. Our results are in agreement with recent DFT model calculations by Han et al.
[ 41] , which predict that the neutral state would be most stable for glycine on Pt{111} whereas the de-protonated anionic state is most stable for Cu and Pd surfaces, although the dissociation barrier is very high in the latter case.
The neutral molecular species is stable up to 360 K and saturates at 0.15 ML. Further adsorption of glycine is in the zwitterionic state. Some of the zwitterionic species adsorbs either in direct contact with the substrate or is very strongly bound to the chemisorbed neutral species at a ratio of around 1 : 1.5 (neutral to zwitterionic). Again, the model calculations by Han et al. [41] indicate that stabilization through hydrogen bonds can favor zwitterions over neutral glycine when clusters are formed in two or three dimensions.
In its crystalline form [53] and in aqueous solution under neutral conditions glycine is most stable as zwitterion compared to other forms, namely molecular, anionic or cationic.
The interaction between glycine and liquid water or ice has been studied theoretically and experimentally in recent years [54, 55, 56, 57, 58, 59, 60, 61] . In aqueous solutions at neutral pH zwitterions form hydrogen bonds with up to 8 water molecules [54, 62, 56, 61] . In solutions with high concentrations of protons (pH < 2.35) or hydroxyl (pH > 9.78) glycine is cationic or anionic, respectively. The interaction of glycine with ice or solid amorphous water is usually hydrophobic [55, 60] . For example, in mixed glycine-ice films on alumina a phase separation into solid glycine and water ice was observed in UHV at 110 K -150 K whereby glycine segregates at the ice surface, predominantly in its zwitterionic state but with some anionic contribution (H 2 NCH 2 COO (−) ) [60] . Co-adsorption of glycine and water ice on TiO 2 in UHV at 160 K leads to similar hydrophobic behavior of glycine [55] . As TiO 2 binds stronger to glycine than to H 2 O, however, the latter is completely displaced from the surface. On Calcite{104} glycine adsorbs from aqueous solution on top of a wetting water layer [57] . In all the above examples glycine was found or assumed to be in its zwitterionic state. One might therefore expect that glycine would also change its state on Pt{111} to zwitterionic when it is co-adsorbed with water. But our results clearly show that glycine remains in it neutral state, even in ambient water pressure and temperatures around 300 K, where the associated kinetic barriers should not prevent it from assuming its equilibrium state. The only exception is when glycine is adsorbed onto a pre-adsorbed water-ice layer at low temperature. In this case interlayer diffusion is kinetically hindered and glycine stays on the ice layer in its zwitterionic state.
The neutral state of glycine is the energetically preferred surface species on Pt{111} at low coverage. According to the DFT calculations by Han et al. [41] for pure glycine the energy difference is 0.24 eV and 0.52 eV with respect to the anionic and zwitterionic state, respectively. The substrate bond is through the amino group and one oxygen atom, which allows two strong hydrogen bonds between the molecules. The energy contribution from additional hydrogen bonds with water, which would be possible in the zwitterionic state, do not seem to be not sufficient to overcome this difference. Therefore glycine remains in the neutral state when in contact with water.
A related system that we have studied in a similar way, glycine on Cu{110}, behaves very differently [34] . There, the preferred adsorption species is the de-protonated anionic form of glycine, which is stable in UHV up to 480 K. Ambient water at pressures above 10 −5 Torr reduces the stability of the surface species and induces dissociation at significantly lower temperatures, as low as 400 K at 10 −1 Torr. The loss of stability was explained by the availability of additional dissociation channels when water and/or it's decomposition products are present at the surface.
At first, it must be noted that the overall thermal stability of glycine is lower on Pt{111} compared to Cu{110}. Dissociation takes already place at 360 K, independent of the magnitude of ambient water pressure. An effect of ambient water is only seen in the thermal development after dissociation. The decomposition of glycine on Pt{111} is a multi-step process involving the formation of a number of intermediate products.
The exact composition in a multicomponent surface layer cannot always be determined unambiguously by XPS, as different species can have overlapping peaks and/or different adsorption sites of the same species (e.g. CO) will lead to multiple signals [63] . It is therefore important to check the interpretation of XPS results with other methods. Löfgren et al. [36] and Ernst & Christmann [35] have studied the decomposition pathway of glycine on Pt{111} by means of TPD to reveal the formation of methylamine via C-C bond scission as a first step followed by immediate further decomposition into smaller surface species and volatile molecules, as methylamine is not stable on Pt{111} [64, 65] :
These findings are compatible with our interpretation of the XP spectra at higher temperatures. Similar decomposition pathways were also observed for simple amino acids on Pd{111} and Cu{110} [37, 38, 39, 66, 22, 34] . The effect of ambient water is to stabilize the intermediate methylamine species and to facilitate their direct conversion into volatile species. Similar to the case of glycine on Cu{110}, the most likely mechanisms are either surface-catalyzed hydrogenation or oxidation through decomposition products of water (H, O, OH) that are present on the Pt{111} surface under ambient conditions.
Summary and Conclusions
Under UHV conditions, glycine adsorbs in its neutral form up to about 0.15 ML (rel. coverage 1.0). This state has not been reported in earlier spectroscopic studies of this adsorption system [36] . Additional molecules adsorb as zwitterions. Up to a relative coverage of 2.5 these are strongly bound to the substrate surface, either directly or via the neutral molecules. Multilayer growth is observed for higher coverages. These multilayers desorb intact below 330 K, the more strongly bound zwitterions desorb between 330 K and 350 K and the neutral species decomposes at 360 K in a multi-step process that includes the formation of methylamine and carbonmonoxide.
Co-adsorption with water under UHV conditions requires low temperatures (< 170 K) and leads to surface compositions that strongly depend on the adsorption sequence due to a lack of inter-layer diffusion. When glycine is adsorbed first and water second (H 2 O / Gly) the chemical state of glycine is the same as without water. When water is adsorbed first, either a chemisorbed layer or a thicker layer of amorphous solid water, glycine is found in its zwitterionic state, similar to multilayers.
Co-adsorption of glycine and water under ambient water pressures up to 0.2 Torr and temperatures above 300 K has no effect on the chemical state of low coverages of glycine, nor on the decomposition temperature. O K-edge 
